The improving sensitivity of measurements of the kinetic Sunyaev-Zel'dovich (SZ) effect opens a new window into the thermodynamic properties of the baryons in halos. We propose a methodology to constrain these thermodynamic properties by combining the kinetic SZ, which is an unbiased probe of the free electron density, and the thermal SZ, which probes their thermal pressure. We forecast that our method constrains the average thermodynamic processes that govern the energetics of galaxy evolution like energetic feedback across all redshift ranges where viable halos sample are available. Current Stage-3 cosmic microwave background (CMB) experiments like AdvACT and SPT-3G can measure the kSZ and tSZ to greater than 100σ if combined with a DESI-like spectroscopic survey. Such measurements translate into percent-level constraints on the baryonic density and pressure profiles and on the feedback and non-thermal pressure support parameters for a given ICM model. This in turn will provide critical thermodynamic tests for sub-grid models of feedback in cosmological simulations of galaxy formation. The high fidelity measurements promised by the next generation CMB experiment, CMB-S4, allow one to further sub-divide these constraints beyond redshift into other classifications, like stellar mass or galaxy type.
INTRODUCTION
Star formation in galaxies is inefficient: less than 10 % of the available baryons today are turned into stars (e.g., Gallazzi et al. 2008 , and references therein). This raises a fundamental question for theoretical models of galaxy formation and evolution: what physical processes cause global star formation to be so inefficient? Fiducial theoretical models for galaxy formation, both semi-analytic (e.g., Kauffmann et al. 1993; Croton et al. 2006; Somerville & Davé 2015) and simulations based (e.g., Vogelsberger et al. 2014; Schaye et al. 2015; Kaviraj et al. 2017; Hopkins et al. 2017) , invoke feedback processes from massive stars, supernovae and active galactic nuclei (AGN). These inject additional energy into the intrastellar, intergalactic, or intracluster mediums (ISM, IGM and ICM, respectively) . In order to understand galaxy evolution and star formation, the physical processes and thermodynamic properties that govern the baryons in galaxies and clusters need to be understood and measured. These open questions on the formation and evolution of galaxies and galaxy clusters are important for future cosmological probes (e.g., late-time growth of structure measurements) which push into the quasi-linear and non-linear regime where modeling such baryonic effects cannot be ignored. (e.g., van Daalen et al. 2011; Semboloni et al. 2011; Eifler et al. 2015) .
The improvements in the sensitivity of high-resolution CMB experiments, such as the Advanced Atacama Cosmology Telescope (AdvACT; Henderson et al. 2016 ) the South Pole Telescope-3G (SPT-3G; Benson et al. 2014) are opening up a new window on baryonic physics through measurements of the Sunyaev Zel'dovich effect (SZ, Sunyaev & Zeldovich 1970 , 1972 . As they propagate through the Universe, a small fraction of the CMB photons are Thomson-scattered by free electrons in the intergalactic medium (IGM) and intracluster medium (ICM). Two important resulting effects are the thermal and kinetic SZ effects. The thermal SZ is the increase in energy of CMB photons due to scattering with hot electrons, which imprints a unique spectral distortion in the CMB blackbody that is a decrement in thermodynamic temperature at frequencies below 217 GHz and excess at higher frequencies. The kinetic SZ is the result of CMB photons Thomson-scattering off free electrons that have a non-zero peculiar velocity with respect to the CMB rest frame, which produces small shifts in the CMB temperature. Both the tSZ and kSZ effects are direct probes of the thermodynamic properties of the IGM and ICM since their magnitudes are proportional to the integrated electron pressure (tSZ) and momentum (kSZ) along the line-of-sight. Therefore, the tSZ and kSZ probe the IGM and ICM radial pressure and density profiles, which are sensitive to baryonic processes like star-formation, feedback, and non-thermal pressure support. These measurements, combined with the gravitational potential profile measurements from weak lensing, are sufficient to solve the thermodynamic properties of the halo. For example, we will derive a virial equation that can measure both the thermal and non-thermal pressure support, P Nth : 1 3 Φ gas from kSZ &mass profile +ˆP th dV from tSZ +ˆP Nth dV →inferred ∝ P Surface , here φ gas is analogous to the gravitational energy of the gas, P th is the thermal pressure, and P Surface is a surface pressure (See the Appendix for a full derivation).
Since the initial detections of the tSZ effect on individual galaxy clusters (e.g., Pariiskii 1972; Meyer et al. 1983; Partridge et al. 1987) , there now exists an abundance of tSZ measurements across a large range of halo masses, from galaxy clusters massscales where we have catalogs of tSZ detected clusters (e.g., Reichardt et al. 2013; Hasselfield et al. 2013; Bleem et al. 2015; Planck Collaboration et al. 2016b ), down to galaxy mass-scales where the tSZ is detected via stacked observations (e.g., Hand et al. 2011; Planck Collaboration et al. 2013; Greco et al. 2015; Spacek et al. 2016 Spacek et al. , 2017 . The kSZ effect was first detected (Hand et al. 2012 ) recently using a galaxy catalog from the Baryon Oscillation Spectroscopic Survey (Eisenstein et al. 2011 ) and CMB observations from the ACT telescope.
Since then, many other detections from multiple CMB experiments using various techniques and galaxy catalogs have followed (Planck Collaboration et al. 2016a; Schaan et al. 2016; Hill et al. 2016; Soergel et al. 2016; De Bernardis et al. 2017) , as well as detections from individual galaxy clusters (Sayers et al. 2013; Adam et al. 2017) . While all the current detections are around 4-σ, forecasts for experiments like AdvACT, SPT-3G, the Simons Observatory, and CMB Stage-4 (CMB-S4, Abazajian et al. 2016) promise an order magnitude and greater improvements from these current detections (Flender et al. 2016; Ferraro et al. 2016) .
In this paper, we propose to use stacked observations of tSZ and kSZ to measure the average density and pressure profiles for a given galaxy, quasar, or cluster sample. We show that these measurements place constraints on the important physical processes in the IGM and ICM, such as AGN feedback and non-thermal pressure support, which impact the baryons that govern global star formation and thus, galaxy evolution. Previous work proposed to use joint tSZ and kSZ measurements to infer the optical depth, temperature and peculiar velocity of individual clusters (Knox et al. 2004; Sehgal et al. 2005) , whereas in this work we focus on baryonic processes for ensemble populations.
We provide theoretical formalism for interpreting combined SZ observations and inferring parametric and nonparametric constraints on galaxy formation in Section 2. In Section 3 we describe the component separation and observational techniques used in this work. We present the forecasts for our proposed method in Section 4. We discuss possible extension of this work and conclude our findings in Section 5. We adopt a flat ΛCDM cosmology with Ω M = 0.25, H 0 = 70 km s −1 Mpc −1 . The results presented in this work are not sensitive to cosmological parameters.
METHODOLOGY
The tSZ spectral distortion and kSZ doppler boost amplitudes are proportional to the line-of-sight pressure and momentum, respectively. For the tSZ, the distortion is a function of frequency and the Compton y parameter:
where T CMB is the CMB temperature, f (ν) = x coth(x/2) − 4, x = hν/(k B T CMB ), h is the Planck constant, and k B is the Boltzmann constant. Here we neglected the relativistic corrections to f (ν) (e.g., Nozawa et al. 2006; Chluba et al. 2012) . The Comptony parameter is defined as
where σ T is the Thomson cross-section, c is the speed of light, m e is the electron mass, P e is the thermal electron pressure and dl is the line-of-sight (LOS) physical distance. The kSZ effect is sensitive to the combination of optical depth and peculiar velocity, v r of each halo along the line-of-sight,
where n e is the electron number density and the optical depth τ is defined as
The ICM is observed to have entropically stratified medium and its temperature and pressure are mostly determined by its gravitational potential (e.g., Cavagnolo et al. 2009; Walker et al. 2012; Eckert et al. 2013) .
We assume these properties hold for the IGM in groups and massive galaxies, which is observed in local massive galaxies (e.g., Forman et al. 1985; Humphrey et al. 2006; Diehl & Statler 2007; Voit et al. 2015; Goulding et al. 2016) and is seen in simulations of massive galaxies (e.g., van de Voort et al. 2016 ) and groups (e.g., Le Brun et al. 2014) . In steady state, the total pressure of the hot gas (whether thermal and nonthermal) balances the gravitational force on it. For a spherically symmetric system, this reads as:
Here G is the gravitational constant, M (< r) is the total mass enclosed within radius r, ρ gas is the ICM gas density, P tot is the total ICM pressure in the system which can be operated into thermal (P th ) and nonthermal (P Nth ) contributions such that P tot = P th +P Nth .
Observations of tSZ and kSZ measure P th and ρ gas directly and we can measure M (< r) using optical weak lensing (e.g., Mandelbaum et al. 2006; Leauthaud et al. 2016) or use an NFW model (Navarro et al. 1997) for the dark matter (DM) component. The remaining P Nth profile can be constrained non-parametrically by these crosscorrelations or both feedback and non-thermal pressure support can be constrained if one invokes a parametric model for the ICM. The projected measurements for tSZ and kSZ are related to the three-dimensional radial profiles P e and n e by
and
where
is the angular diameter distance to redshift z. Equations 6 and 7 are used to model the observations and are convolved with the beams for each experimental and observational setup. We convert P e = (2 + 2X H )/(3 + 5X H )P th assuming a fully ionized medium of primordial abundances, where X H is the hydrogen mass fraction (X H = 0.76). The same conversion is applied to n e .
Parametric IGM and ICM Model
In this section, we implement a model of the IGM and ICM proposed by Ostriker et al. (2005) , Bode et al. (2009), and Shaw et al. (2010) , in order to constrain the non-thermal pressure and the energy injected in the gas by feedback. This model assumes that the ICM has the same initial density and temperature structure as the DM halo, then is rearranged into pressure equilibrium with the total gravitational potential, assuming a polytropic equation of state. The DM halo is assumed to have an NFW density profile (Navarro et al. 1997 )
where x ≡ r/r s and r s is the scale radius of the NFW profile and ρ 0 is the density normalization. The definition of the scale radius is r s ≡ R 200 /c NFW where c NFW is the concentration and R 200 is a halo centric radius enclosing a mass M 200 equal to 200 times the critical density at the halo redshift,
. We use a fitting formula for c NFW from Duffy et al. (2008) . In principle c NFW can be marginalized over or fit from a weak lensing measurement.
We allow some fraction of the initial ICM gas to cool and form stars. The amount of stars that form is modeled as a function of the halo mass following the observed scaling relation from Giodini et al. (2009) ,
The normalization of the scaling reaction here differs from Giodini et al. (2009) , due to the difference in mass definitions. In practice, stellar mass estimates are available for the halo catalogs we propose to use, thus avoiding the uncertainty in this observed stellar-to-halo mass scaling. This is especially important when applying this model to higher redshift samples since the scaling relation presented here is calibrated close to z = 0. Here we choose this scaling relation Giodini et al. (2009) for simplicity rather than marginalize over the parameters (see Flender et al. 2016) . The final ICM density ρ(r) and total pressure P tot (r) profiles are assumed to follow a polytropic equation of state such that,
Here Γ is the polytropic index, and P 0 and ρ 0 are the central pressure and density, respectively. The function θ(r) is referred to as the polytropic variable, defined as
where Φ 0 is the central potential of the halo. The nonthermal pressure contribution is modeled following the fitting function proposed in Shaw et al. (2010) and validated by simulation results (e.g., Battaglia et al. 2012a; Nelson et al. 2014 ). The form is
where the power-law radial dependence n Nth is fixed at 0.8 as proposed in Shaw et al. (2010) and the normalization of the non-thermal pressure support, α, is a parameter that we fit for. In what follows, we fit for α as a function of redshift, rather than assuming a fixed redshift-dependence. Finally, we calculate the thermal pressure using P th = P tot − P Nth , where P tot and P Nth are calculated using Equations 11 and 13, respectively. We solve for P 0 and ρ 0 by imposing conservation of energy, in which the final energy E f is related to the initial energy E i by
Here the term ǫM ⋆ c 2 accounts for feedback for star formation including any feedback from central active galactic nuclei, where ǫ is a dimensionless efficiency parameter that couples star formation to the feedback energy, and ∆E p is the work received from the surface pressure when the boundary of halo changes. We apply the boundary condition that the final total pressure at the radius of the halo is equal to the initial surface pressure of the gas
Here the initial energy, E i , and surface pressure, P s,i , are calculated from the initial density and temperature structure according to the NFW DM profile. Additionally, we conserve the total gas mass in the halo, taking into account the mass that was converted into stars. The details of these boundary conditions can be found in the original modeling papers (Ostriker et al. 2005; Bode et al. 2009; Shaw et al. 2010 ).
The assumption of spherical symmetry in this model is sufficient for both the average gas properties (e.g., Battaglia et al. 2012a ) and DM (e.g., Corless & King 2007; Becker & Kravtsov 2011 ), since we are modeling stacked profiles. Additionally, hydrodynamic simulations of individual halos (massive galaxy and cluster mass scales) were shown to have projected images for the density and pressure of the inoized gas with low ellipticity (e.g., Lau et al. 2011; Battaglia et al. 2012b; van de Voort et al. 2016) . We justify the assumption that the polytropic index Γ is a constant across the halo radius with cosmological hydrodynamic simulations that show Γ varies by less than 10% within the virial radius (Battaglia et al. 2012b ). The resulting profiles from a similar model for the ICM have been compared to and were in agreement with average profiles from full cosmological hydrodynamic simulations (Bode et al. 2012) .
Recently Flender et al. (2017) proposed to use X-ray observations to constrain the parameters of similarly modified Ostriker et al. (2005) ICM model. The focus of their work was on inferring the optical depth of clusters to CMB photons and they discuss uncertainties associated with such an analysis. The constrains on the model ICM parameters in Flender et al. (2017) are a complementary approach to this work, since their method uses X-ray observations. Furthermore Khatri & Gaspari (2016) recently demonstrated the ability of thermal SZ observations to constrain non-thermal pressure support in the Coma cluster.
We stress that the model presented above is idealized, and it was chosen such that we could calculate how the density and pressure profiles depend on models of feedback and non-thermal pressure support. The ability to constrain feedback and non-thermal pressure in this method comes from the observed profiles and not the actual model. Here this model is meant to illustrate what information is accessible through this method and future measurements. We stress that when applying this method to observational data, more complicated or even full hydrodynamic simulations of large-scale structure can and should be used to infer information of feedback and non-thermal pressure support. Increasing the complexity of the model will not significantly impact the constraints shown in this work, unless more free parameters are introduced. As we will show in Section 4 future experiments have the statistical power to extract information on feedback and non-thermal pressure support, which further motivates the need and importance of realistic cosmological simulations.
Non-parametric constraints
Joint measurements of thermal pressure (tSZ), density (kSZ) and gravitational potential (lensing) allow to solve for the amount of non-thermal pressure in a modelindependent way. The assumption of balance between gravity and total pressure support (whether thermal or non-thermal) can be translated into a virial theorem. Indeed, multiplying both sides of Equation 5 by r and integrating over volume yields:
where Φ gas is analogous to the gravitational energy of the gas in the total gravitational potential:
Note that Φ gas would be rigorously the gravitational energy of the gas only if the gas were self-gravitating, which is not quite the case since the dark matter makes an important contribution to the mass (see Appendix A for more details). Regardless, this distinction is of little importance for our purpose, as we explain shortly. Further splitting the thermal and non-thermal components of the total pressure finally gives: 1 3 Φ gas from kSZ &mass profile
This Virial theorem shows the balance between thermal and non-thermal support on the one hand, and gravity and the external pressurization on the other hand.
The quantity Φ gas can be inferred from the gas density profile (measured from kSZ) and the total mass distribution (assumed to follow a NFW profile or measured from lensing). The volume integral of the thermal pressure support is directly inferred from the tSZ measurement, modulo the conversion from P th to P e . The external pressure term can be modeled in terms of the mass accretion onto the cluster (for example see Ostriker et al. 2005) .
As a result, Equation 18 allows to infer the volumeaveraged non-thermal pressure support in the cluster, from kSZ and tSZ measurements. This determination of the non-thermal pressure support is model-independent, and is valuable for several reasons. First, knowing the ratio of thermal to non-thermal pressure allows to constrain the hydrostatic mass bias, which affects the cluster mass-observable relation and thus constitutes a limiting systematic in cluster cosmology. Second, it may allow to quantify the amount of energy injected through feedback, by comparing the tSZ and kSZ signals from halos with different properties (e.g. absence or presence of a quasar). From tSZ measurements only, one can quantify the amount of thermal energy injected; our method allows to quantify both the thermal and non-thermal energy injection.
STATISTICAL TOOLS

SZ estimators
The tSZ estimator that we forecasted for is a standard filtering process on a component separated y-map, the details of which are described in the subsections below. For the kSZ many estimators exist in the literature, here we forecasted on the estimator which uses reconstructed velocity fields from spectroscopic sample of galaxies to cross correlate with CMB maps (Ho et al. 2009; Li et al. 2014) . Because a halo is equally likely to be moving towards us than away from us, stacking the CMB temperature map at the positions of halos results in a cancellation of the kSZ signal. The estimator we use circumvents this issue by weighting each halo by an estimate of its LOS velocity, reconstructed from the density field.
The kSZ has been detected at > 3σ significance using this velocity reconstruction estimator on Planck and ACT observations with different spectroscopic samples (Planck Collaboration et al. 2016a; Schaan et al. 2016) and near future detection will improve on this significance greatly. The impact of small-scale foregrounds is one of the largest uncertainties in these forecasts and will be addressed in the next section. Remazeilles et al. (2011) ). We assume that the temperature observations T i at a frequency labeled by the index "i" in a pixel p is given by a linear combination of a CMB map (which includes kSZ) s(p), a tSZ map y(p) and noise n(p), which includes both detector noise and all of the other foregrounds:
The vector a quantifies the frequency dependence of the CMB, which is just constant in CMB temperature units that we use throughout the paper. Therefore we can just take a i = 1 for all frequencies ν i . Similarly, the vector b is the frequency dependence of the tSZ effect, and is therefore given by
The ILC method solves for a set of weights w i such that the signal of interest is given byŝ(p) = w i T i (p), and thatŝ(p) has minimum variance. Simple linear algebra shows that the solution iŝ
where we have defined the covariance matrix of the observations R ij = T i T j . The matrix R is usually evaluated empirically from the observations themselves. However, for the purpose of this paper, we will use a semianalytical foreground model based on observations of the ACT experiment (Dunkley et al. (2013) ) to evaluate R at each multipole ℓ in harmonic space, as described below.
The harmonic space foreground model is based on Dunkley et al. (2013) and includes contributions from the Cosmic Infrared Background (CIB, both clustered and Poisson components), extragalactic radio emission, galactic cirrus as well as tSZ and kSZ. We assume no decorrelation between frequencies, so that the template of each component is simply rescaled by frequency. We also assume that the emission laws are known and independent of position in the sky, and we take fiducial values from Table 2 of Dunkley et al. (2013) . A slight generalization of Equation 21 allows us to include correlation between different components, such as CIB and tSZ. Given the uncertainty on this correlation at present, we chose to set it to zero in our fiducial model.
For each component and each multipole ℓ we evaluate the weights in Equation 21. We compute the total power spectrum that a map would have when forming a linear combination with the given weights. We shall call the total power spectrum of the ILC map N ILC,X ℓ with X = T for the cleaned CMB map and X = y for the y map. This notation is consistent with the fact that this total power spectrum will represent the "noise" in our measurement of kSZ and tSZ from our tracer sample. Note that to be conservative we always include the 'signal part' when estimating covariance matrices.
While in this work we have assumed no correlation between different components, this assumption is likely to fail at the level of precision required by the next generation experiments and constraints may be limited by our ability to model extragalactic foregrounds. Future mm and sub-mm experiments like CCAT-prime will provide higher frequency measurements compared to the ones considered in this work and are likely to improve our understanding and ability to remove foregrounds from lower frequency observations.
Filtering and noise
To extract information from a map (either CMB or y), we choose to use an Aperture Photometry (AP) filter of varying aperture θ d (Ferraro & Hensley (2015) ). Applying the filter consists in averaging the map values within a disk of radius θ d and subtracting the mean temperature in an adjacent ring of equal area. More precisely, the output of the AP filter at the cluster location, hereafter labeled A X (θ d ) (with X = T, y for kSZ and tSZ respectively) is given by the following integral:
where the AP filter Ψ θ d (θ) is given by
A simple calculation shows that the error on A X due to primary CMB fluctuations as well as sources along the same line of sight (other than the one of interest) is given by
where Ψ θ d (ℓ) is the 2D Fourier transform of Ψ θ d (θ). Note that because of the shape of the filter, there is a nontrivial correlation between filters with different aperture, and this must be taken into account in the analysis.
RESULTS AND FORECASTS
The observations of the kSZ effect for a given sample currently are not significant enough to constrain thermodynamic properties for halos. The significance of kSZ measurements is expected to improve dramatically in the near future (e.g., Flender et al. 2016; Ferraro et al. 2016) . Looking ahead to these measurements, we forecast constraints on halo energetics for the parametric model presented in the previous section. We forecast the signal-to-noise and parameter constraints for Stage-3 and Stage-4 CMB experiments combined with the current and future spectroscopic surveys BOSS (Eisenstein et al. 2011 ) and the Dark Energy Spectroscopic Instrument (DESI, Levi et al. 2013) , respectively. The proposed specifications for the CMB experiments are found in Table 1 , including the next generation CMB-S4 experiment. We explore three different experimental designs for CMB-S4 that differ in their relative beam sizes, since Table 2 in Raghunathan et al. (2017) collects projections for other Stage-3 CMB experiments undertaking surveys for more context. As the surveys progress, these sensitivity estimates will mature. For example, the eventual map sensitivities will depend on the precise sky coverage and their uniformity (e.g., De Bernardis et al. 2016). Fig. 1 .-Shows the percent difference from the observed density (left panel) and pressure (right panel) profiles for a CMASS and LRG mass halo at z = 0.5 when we vary the model parameters ǫ, α, and Γ around their fiducial values. The yellow and grey bands illustrate the forecasted errors for a Stage-3 CMB experiment cross correlated with CMASS and CMB-S4 cross correlated with DESI, respectively. These bands are a function of the beam size, so a smaller beam results in smaller observational bins closer to the halo center. The horizontal dashed lines illustrate the location of the virial radius for these halos. Stage-3 CMB experiments cross CMASS tSZ observations and CMB-S4 cross DESI kSZ observations (and tSZ) will be able to distinguish between the fiducial model and these variants.
the exact design of CMB-S4 is not finalized. The specifications for the spectroscopic surveys are found in Table 2. We assume that the BOSS spectroscopic survey will have a 6000 square degree overlap with the Stage-3 CMB experiment and that a DESI-like experiment will have a 10000 square degree overlap with both CMB experiments.
We assign an average mass of 2 × 10 13 M ⊙ when modeling the CMASS and LRG galaxy samples and an average mass of 4 × 10 12 M ⊙ when modeling the quasar (QSO) sample. When modeling the halos in the DESI survey, we choose to use the same average mass across all redshift bins and do not consider the distribution of masses in each bin. Since, we do not know what the mass distributions of the DESI survey samples will be, we have simplified the assumptions made about these samples and reduce this information down to average masses. When applying our method to observational data the mass distributions will need to be accounted for since the Compton-y signal is a non-linear function of mass.
The parameters that we vary in the ICM model are the efficiency of star formation feedback ǫ, the amplitude of the non-thermal pressure profile α, and the polytropic index Γ. In Figure 1 we show how each parameter affects the observed density and pressure profiles (left and right panels, respectively) for a CMASS and LRG mass halo at z = 0.5. The solid lines show the difference in the observed profiles, ∆ρ 2D ≡ ρ 2D,new /ρ 2D,fid − 1 and ∆P 2D ≡ P 2D,new /P 2D,fid − 1 when we change the model parameters by ǫ fid − 1 × 10 −6 , α fid − 0.01, and Γ fid − 0.01 with respect to the fiducial model parameters ǫ = 2 × 10 −5 , α = 0.13, and Γ = 1.2 for the given halo mass at z = 0.5. Figure 1 illustrates that decreasing feedback efficiency, ǫ, increases the density profile in the inner regions of the halo, deceases it in the outer regions, and decreases the pressure profile on all scales, which is the results of the halo temperature profile being lower on all scales. Decreasing the amplitude of nonthermal, α, increases the pressure profile on all scales (Levi et al. 2013) . The width of the redshift bins are 0.2 and we assume that for BOSS and DESI the overlapping area with CMB experiments is 6000 and 10000 square degrees, respectively. For the CMASS sample we assume a median redshift of 0.5. and does not impact the density profile at a significant level. The yellow and grey bands show the forecasted error bars on the observed density and pressure profiles on the fiducial model parameters at z = 0.5 for a Stage-3 CMB experiment cross correlated with CMASS and CMB-S4 cross correlated with DESI, respectively. It is clear that the differences between our fiducial parameters and their variants will be detectable with SZ observations with Stage-3 CMB experiments cross CMASS and SZ observations with CMB-S4 cross DESI. The differences shown here are the basis for numerical derivates used in the Fisher forecast. In these forecast we do not consider contributions from a 2-halo term (Vikram et al. 2017) , although we are self consistent since we only model and fit for the 1-halo term. Additionally, we do not include the errors from the velocity reconstruction. The current state-of-the-art in velocity reconstruction on the CMASS sample has a correlation coefficient of around 0.7 (Schaan et al. 2016 ), which will decrease our forecasted kSZ signal-to-noise values proportional to the inverse of this coefficient. These errors from the velocity reconstruction methods are survey and technique dependent and they are expected to improve with higher density surveys and at higher redshifts. The velocity bias between halos with these masses and the reconstructed velocity field will be negligible and possibly detectable with greater than 100 σ measurements, however, it will not affect the derivative of the density profile but only its amplitude.
We use the Fisher matrix formalism (e.g., Fisher 1935; Knox 1995; Jungman et al. 1996) to forecast the expected constraints on the parameters ǫ, α, and Γ. The Fisher matrix F jk is calculated as
is the output of the AP filter for the projected density or pressure profile aperture filter measurements, (M −1 X ) θ d θ d ′ is the inverse covariance matrix for the aperture filter we are using and p j is j th parameter that we are forecasting. We use the full covariance matrix derived from the component separation described in Section 3.2, which includes estimates for the residual noise after foreground subtraction. Figure 2 shows the fisher forecast constraints for halo samples from BOSS and DESI (left and right panel, respectively) on ǫ, α, and Γ cross correlated with a Stage-3 CMB experiment combined. The 1-σ and 2-σ error ellipses are shown by the blue and red lines, respectively. We illustrate how the kSZ observations of the density profile further constrain the IGM and ICM model parameters by showing the constraints with (solid lines) and without (dashed lines) the kSZ observations. The addition of kSZ observations helps break the degeneracy between all three parameters. After marginalizing over the other parameters, we forecast that Stage-3 CMB experiments combined with BOSS will place 12% constraints on ǫ for the CMASS sample and this will improve to 4% with DESI for the LRG sample. Likewise we forecast that Stage-3 CMB experiments combined with BOSS will place 24% constraints on α for the CMASS sample and this will improve to 8% with DESI for the LRG sample at z = 0.5.
Looking beyond Stage-3 CMB experiments, CMB-S4 will provide multi-band measurements in the microwave frequencies with increased sensitivity over a large fraction of the sky (Abazajian et al. 2016) . Reaching these measurement goals will significantly increase the signal-tonoise of the cross correlations considered in this work and allow one to divide the galaxy or quasar sample as function of redshift (see Figure 3) . Beyond redshift, galaxy and quasar samples can be split by other classifications, such as halo mass, stellar mass, galaxy type etc. The main parameter that we consider here is the aperture which we define as the beam size at 150 GHz (see Table 1 ). Moreover, it is always possible to reduce the RMS noise level by integrating longer on the sky, whereas the aperture is fixed upon design completion.
In the top panels of Figure 3 we show the forecasted marginalized constraints on ǫ and α for three possible CMB-S4 designs combined with DESI LRG (left panel) and DESI QSO (right panel) samples as a function of redshift. Additionally, for comparison, we show the constraints for a Stage-3 CMB experiment cross correlated with the DESI LRG sample. Clearly the forecasted constraints ǫ and α depend strongly on the aperture of CMB-S4 with the constraints degrading by factors of 3 to larger than an order of magnitude for the DESI QSO sample. For the particular IGM and ICM model we used, 2% and 20% constrains on thermal feedback efficiency are possible with CMB-S4 experiment that has a 1 arcminute beam at 150 GHz cross correlated with DESI LRG and QSO samples, respectively. Obtaining such constraints would be an order of magnitude improvement over our current understanding of feedback efficiency and the thermodynamic properties of these halos at any redshift. This is especially true for QSO samples where currently the tSZ signal is measured at ∼ 4σ (Ruan et al. 2015; Verdier et al. 2016; Crichton et al. 2016; Soergel et al. 2017) . If CMB-S4 is built with a 2 arcminute beam at 150 GHz, we forecast that these constraints would show only marginal improvements or no improvements over Stage-3 CMB experiments together with DESI samples.
The results above are somewhat specific to our choice of model for the gas density and temperature. To remedy this, we also forecast the signal-to-noise ratio on the density and pressure profiles. These will be relevant when comparing any density and pressure profile from hydrodynamical simulation, and can therefore be turned into constraints on the simulation's sub-grid parameters. We show in the bottom panels of Figure 3 the raw signalto-noise for CMB-S4 designs and a Stage-3 CMB experiment cross correlated with the DESI LRG (left panel) and DESI QSO (right panel) samples as a function of redshift. We forecast that the kSZ signal-to-noise from the QSO sample is larger than the tSZ signal-to-noise at z < 1.3. This results is expected given that the halo mass assigned to the QSO sample is 4 × 10 12 M ⊙ and kSZ signal scales like halo mass compared the tSZ signal which scales like (halo mass) 5/3 . The gains in signal-tonoise as a function of the beam size for CMB-S4 follow similar trends to the constraints on the IGM and ICM model parameters. Again, the 2 arcminute beam CMB-S4 experiment has comparable signal-to-noise to Stage-3 CMB experiments.
DISCUSSION AND CONCLUSION
Motivated by the recent kSZ detections via crosscorrelations and the promise of the large improvements in the signal-to-noise of future kSZ measurements, we propose the combination of kSZ and tSZ measurement to constraint global thermodynamic properties of the ionized baryons inside halos. In this work, we demonstrate that combined SZ measurements in the near future will constrain these properties, thus informing models on the complex processes involved in shaping the cosmic evolution of baryons and galaxies.
We forecasted the signal-to-noise and marginalized parameter constraints for Stage-3 CMB and CMB-S4 experiments combined with spectroscopic surveys such as BOSS and DESI, where the number densities of galaxies or QSO is sufficiently high such that the velocity reconstruction will not be shot-noise dominated. With Stage-3 CMB experiments and a DESI-like survey we forecast that one can constrain the average efficiency of feedback and amount of non-thermal pressure support in LRG halos at z = 0.5 to better than 5%. The high fidelity of these constraints combined with the improvements in sensitivity of future CMB experiments will allow us to further divide into sub-samples based on redshift or other classifications like galaxy or quasar type. Thus, with the signal-to-noise we forecast for CMB-S4 and DESI, one can study the evolution of energy injection and non-thermal pressure support in halos across cosmic time. The exact increase in signal-to-noise and parameters constraints going from Stage-3 CMB experiments to CMB-S4 will depend strongly on the beam size for CMB-S4.
The SZ signal is redshift independent so we will extend this methodology to higher redshift objects like quasars, opening a new observational window into the thermodynamic properties of halos when the universe was a quarter of its age now. We forecast that for quasars selected in a DESI-like survey we can obtain S/N > 25 tSZ and kSZ observations from z = 1.1 − 1.7 with a CMB-S4 experiment that has a 1 arcminute beam. In principle similar analyses can be undertaken with other kSZ estimators like projected fields Ferraro et al. 2016; Smith & Ferraro 2016) . However, modeling the kSZ signal for such projected fields estimators is more involved DESI LRG DESI QSO Fig. 3 .-A resolution study on the beam size of a CMB-S4 at 150 GHz cross-correlated with LRG (left panels) and QSO (right panels) samples from a DESI-like survey using the marginalized constraints ǫ and α (top panels) and the forecasted signal-to-noise (S/N ) of tSZ and kSZ observations as a function of redshift. The marginalized constraints and S/N are shown for a Stage-3 CMB experiment (grey lines), and CMB-S4 with a 1 (red lines), 1.5 (green lines), and 2 (blue lines) arcminute beams at 150 GHz. In the top panels the marginalized constraints are shown for ǫ with solid lines and for α with dashed lines and the yellow shaded regions illustrate the 2% and 20% constraint thresholds. In the bottom panels the S/N for the tSZ and kSZ observations are shown with solid and dashed lines, respectively. Clearly, a CMB-S4 with a 1 arcminute beam provides factors of 3 to orders of magnitude better constraints and S/N compared to a 2 arcminute beam which is comparable to a Stage-3 CMB experiment. Regardless these forecasted constraints and S/N will be an order of magnitude improvement over our current understanding of feedback efficiency and the thermodynamic properties of these halos at any redshift.
and beyond the scope of this paper.
The constraints presented here provide complementary and observationally independent thermodynamic information on the ICM compared to X-ray observations of massive halos like clusters. We note that Flender et al. (2017) constrains a very similar ICM model using Xrays observations, albeit with much larger errors. Currently, such analyses are done on pointed X-ray observations, however near future X-ray satellite missions like eROSITA (Merloni et al. 2012) and Athena (Nandra et al. 2013 ) will provided complementary observations of clusters and groups to the SZ observations used in this work, but currently only SZ observations can constrain the thermodynamic properties of the IGM for large samples.
Beyond the thermodynamic properties of halos, SZ observations will constrain the baryonic matter distribution and its effect on the matter power spectrum P (k). For future cosmological probes, like cosmic shear, that push into the quasi-linear and non-linear regime of P (k) these baryonic processes cannot be ignored and need to be modeled (e.g., Semboloni et al. 2011; Eifler et al. 2015) . A complementary approach proposed in Foreman et al. (2016) uses cosmic shear measurements to indirectly probe baryonic processes through their effects on the matter power spectrum, but does not simultaneously constrain both cosmological parameters and baryonic processes. Exactly how the ICM parameter constraints and combination of SZ observations proposed in this work will map onto models for P (k) are left to future work. The approaches proposed above will be complementary to previous models which calibrate baryonic effects into P (k) using cosmological hydrodynamic simulations (e.g., Mead et al. 2015; Schneider & Teyssier 2015) and are essential for future cosmological experiments. 
